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Distinguishing WH and Wbb̄ production at the Fermilab Tevatron
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The production of a Higgs boson in association with aW boson is the most likely process for the discovery
of a light Higgs boson at the Fermilab Tevatron. Since it decays primarily tob-quark pairs, the principal

background for this associated Higgs boson production process isWbb̄, where thebb̄ pair comes from the
splitting of an off mass shell gluon. In this paper we investigate whether the spin angular correlations of the

final state particles can be used to separate the Higgs signal from theWbb̄ background. We develop a general
numerical technique which allows one to find a spin basis optimized according to a given criterion, and also

give a new algorithm for reconstructing theW longitudinal momentum which is suitable for theWH andWbb̄
processes.@S0556-2821~99!07019-8#

PACS number~s!: 14.80.Bn
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I. INTRODUCTION

At present, the existence of a neutral Higgs boson is c
tainly the largest unresolved problem in the standard mo
~SM!. Its mass isa priori unknown, but direct searches an
precision electroweak measurements constrain it to be
,MH,280 GeV at the 95% confidence level@1#. At the
Fermilab Tevatron collider there is a possibility to search
the SM Higgs boson using the decay modeH→bb̄ @2#, and
the most promising process is the associated Higgs bo
production

pp̄→W~→en!H~→bb̄!. ~1!

The Fermilab search is extremely important, especially
cause the mass range which can be covered at the Tev
(100,MH,130 GeV) is also one of the most challengin
regions for the CERN Large Hadron Collider~LHC! to look
for the SM Higgs boson@3#. With a sufficiently large data
sample the Higgs signal could be extracted from the ba
ground by analyzing thebb̄ mass distribution. However
given the fact that there are several large background
process~1!, any technique which can provide addition
handles on distinguishing the signal from the backgrou
would be useful.

In this paper we investigate the possibility of using t
spin angular correlations for separating the associated H
boson production from its principal background at the Te
tron, theWbb̄ process

pp̄→W~→en!g* ~→bb̄!. ~2!

In the case ofe1e2→ZH/ZZ in @4# it was shown that spin
angular correlations can provide useful information if go
spin bases are chosen. Since theqq̄→WH/Wbb̄ processes
have the same spin structure, it is natural for one to as
question as to whether a similar analysis would be useful
distinguishing Eqs.~1! and ~2! at the Tevatron. However
because of the hadronic collider environment and also
cause of the complexity of theWbb̄amplitudes, it is obvious
that in this case a numerical approach for finding the b
spin basis is more appropriate than the approach used in@4#.
0556-2821/99/60~9!/093003~8!/$15.00 60 0930
r-
el

0

r

on

-
ron

k-

to

d

gs
-

a
r

e-

st

For that reason we develop here a new method which all
one to find a spin basis optimized according to a given
terion. This technique is completely general in the sense
it can be used for optimizing the spin basis regardless
which or how many processes are being considered. We
ply our method toWH and Wbb̄ processes, and sugge
several possible strategies which could add new informa
in an experimental analysis. We also discuss one of the
jor uncertainties related to our analysis, and that is theW
momentum reconstruction. Our results indicate that
method which has been used in the literature can distort
gular distributions considerably, and is therefore inadequ
for our purposes. Because of that, we propose a newW re-
construction algorithm whose effects on angular distributio
are significantly less destructive.

The remainder of the paper is organized as follows.
Sec. II we give all relevant definitions, describe the nume
cal method and suggest possible strategies for finding
optimal spin basis. In Sec. III we present our results
angular distributions, and show the effects which theW re-
construction algorithm has on those. Conclusions are c
tained in Sec. IV.

II. ANGULAR CORRELATIONS

In order to apply the generalized spin-basis analysis@5# to
processes~1! and ~2! we first define the zero momentum
frame~ZMF! production angleu* (0<u* ,p) as the angle
between the incoming up quark and theW boson produced in
the qq̄8→WX process~see Fig. 1!, whereX is eitherH or
g* . The spin states forW are defined in its rest frame, wher

FIG. 1. Scattering angleu* in the zero momentum frame. Th
up quark comes from the proton beam more than 95% of the tim
the Fermilab Tevatron.
©1999 The American Physical Society03-1
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STEPHEN PARKE AND SINISˇA VESELI PHYSICAL REVIEW D 60 093003
we decompose its spin along the vectorŝW , which makes an
anglej with the X particle momentum in the clockwise d
rection. TheX particle’s spin can be decomposed in a simi
way. The relationship betweenj andu* determines the spe
cific spin basis in which one can calculate angular corre
tions among theWH and Wg* decay products in Eqs.~1!
and~2!. These correlations involve distributions of the ang
xW (xbb̄) that the charged lepton (b quark! makes with the
spin vector of theW boson (bb̄ system!. Figure 2 illustrates
the definitions for anglesj andxW .1

In the case ofe1e2→ZH/ZZ→ l l̄ jets the procedure fo
finding the optimal spin basis was based on separating
polarized amplitudes fore1e2→ZH/ZZ @4#. In particular, it
was shown that a very good separation between theZH and
ZZ events can be obtained in thetransverse basis, in which
the longitudinal component of theZH matrix element is zero
by construction.

Since the amplitude for the processqq̄8→WH has the
same spin structure as the one fore1e2→ZH,2 the trans-
verse basis is also a good starting point for examining
cosx distributions in theWH and Wbb̄ processes. It is de
fined by

tanj5
tanu*

A12bW
2

, ~3!

wherebW is the ZMF speed of theW boson. Nevertheless, a
a result of the complex nature of theqq̄8→Wg* amplitudes
and also of the fact that inpp̄ collisions the center-of-mas

energyAŝ is not fixed, the approach of Ref.@4# for finding
the optimal spin basis is not practical for our purposes h
Because of that, instead of trying to separate polarized c
sections forqq̄8→WH/Wg* , we attempt to find the bes
basis for processes~1! and ~2! by distinguishing the cosx
distributions directly, using a suitable multidimension
maximization procedure.

The basic idea of our method is to divide the cosu*
2cosj plane inton3m regions, and to associate with ea
of those a histogram containing a distribution in cosx.3 A
specific spin basis is defined by choosing one of the cj

1Note that in principle one could also look at correlations invo
ing the azimuthal anglef of the charged lepton (b-quark! momen-

tum with respect to theW (bb̄) spin vector. We have investigate
that possibility for various spin bases, but we found no evide
that those correlations could be used as a tool for distinguishing

WH andWbb̄ processes.
2The spin structure for the processud̄→WH can be found in Eqs.

~4!–~6! in @4#. The full matrix element squared, including the dec
of W boson, can be obtained from Eq.~2! in @6#.

3In general we do not know the up quark momentum directi
However, the up-quark comes from the proton beam more t
95% of the time at the Tevatron, and therefore we will use
proton direction instead of the up-quark direction in defining cosu*
for the rest of this paper.
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bins for all ofn cosu* bins, while the total cosx distribution
is obtained by summing contributions over the entire cosu*
range. In other words, if cosji describes the spin vector ofW

~or bb̄ system! in the i th cosu* bin, ands i is the corre-
sponding contribution to the cross section, we have

ds

dcosx
5(

i 51

n
ds i~cosj i !

d cosx
. ~4!

In this way, by changing then cosji variables using multi-
dimensional maximization algorithm, one can easily vary
definition of the spin basis until the optimal separation of t
WH andWbb̄ events is achieved.

The results of this procedure will clearly depend on whi
criterion is used for determining the best possible separa
of the signal and background. We investigate here two p
sible criteria. The first one is based on distinguishing b
tween the shapes of the cosx distributions for the two pro-
cesses, and the function which we decided to maximize
given by

U 1

sWH
E d cosx

dsWH

d cosx
cosxU

2U 1

sWbb̄
E d cosx

dsWbb̄

d cosx
cosxU . ~5!

With this criterion the resulting spin basis tends to give cox
distributions which are asymmetric for theWH signal events
and symmetric for theWbb̄ background events.

The second criterion which we examine is based on ma
mizing the significanceS/AB, whereS andB correspond to
the number of events for the signal and background, resp
tively:

S}E
cosxmin

cosxmax
d cosx

dsWH

d cosx
, ~6!

B}E
cosxmin

cosxmax
d cosx

dsWbb̄

d cosx
. ~7!

Once a particular spin basis is chosen and the cosx distribu-
tion for both processes is calculated using Eq.~4!, we choose

e
he

.
n

e

FIG. 2. Definitions for anglesj andxW in the W rest frame.
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DISTINGUISHING WH AND Wbb̄ PRODUCTION AT THE . . . PHYSICAL REVIEW D 60 093003
the anglesxmin andxmax in such a way so as to maximize th
ratio S/AB. Note that in the above coefficients of proportio
ality include the next-to-leading order~NLO! K factors, our
assumptions on the integrated luminosity, doubleb-tagging
efficiency, etc.

The main advantage of the method described above is
it offers a systematic approach for investigating the possi
ity of using spin angular correlations to distinguish sign
events from the background, regardless of which or h
many processes are being considered. For example,
though we are concerned here only with the leading or
Wbb̄ process as the most important background for the
sociated Higgs boson production at the Tevatron, it would
straightforward to include other backgrounds or the next
leading order effects as well. Note however that calculat
of the angular correlations between the spin vector of
intermediate gauge boson and momenta of its decay prod
requires the complete reconstruction of an event. That
major difficulty in the case ofWH/Wbb̄ production where
the longitudinal component of the neutrino is unknown. T
issue will be discussed in more detail in the followin
section.

III. NUMERICAL RESULTS

Since the procedure outlined above requires large st
tics in order to make the errors inds/d cosx distributions as
small as possible, for the results presented in this pape
generated about 108 events~for each process!, using theVE-

GAS algorithm@7#.4 Calculations were done withn510 bins
along the cosu* axis andm51000 bins along the cosj axis,
while the search for the optimal basis was performed us
the downhill simplex method@10,11#.

Even though the analysis described in the previous sec
can be performed for bothW and bb̄ sides of an event, we
focus here only on the cosxW distributions. The reason i
that the correlations on theW side of an event are muc
stronger and provide us with more distinguishing power
separating theWH andWbb̄ processes.5

All results shown in this paper are obtained for theW1

production inpp̄ collisions atAS52 TeV, with the Martin-
Roberts-Stirling set R1~MRSR1! parton distribution func-
tions @aS(MZ)50.113# @12#. In order to improve our lowes
order cross sections, instead of natural scales (m'MH) we
used a somewhat lower scale ofm550 GeV @13#. At this
scale the NLOK factors are about 1.1 for bothWH andWbb̄

4Because of the large statistics and the large number of histog
required by our method, Monte Carlo simulations which would
clude all other background processes, or take into account nex
leading order corrections, would have to be done using a par
event generator@8,9#.

5On thebb̄ side of the event we were unable to find a spin ba
which would considerably improve the small difference betwe

the WH and Wbb̄ processes that was obtained using the helic
basis.
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processes. The Higgs boson mass was set toMH

5120 GeV and the correspondingbb̄ mass range to 102
,Mbb̄,141 GeV. In addition, we applied the following se
of isolation cuts and cuts on the rapidity and transverse m
mentum:

Rbb̄ ,Reb ,Reb̄.0.7,

uybu,uyb̄u,2,

uyeu,2.5,

upb
Tu,upb̄

Tu.15 GeV,

upe
Tu,upn

Tu.20 GeV. ~8!
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FIG. 3. The optimal basis for the shape criterion~points!, to-
gether with itsk53 polynomial approximation~solid line! and with
the transverse basis forbW50.67 ~dashed line!.

FIG. 4. Normalized cosxW distributions for the polynomial ap-
proximation of the optimal basis~solid lines! and for the transverse
basis~dashed lines!.
3-3
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Note theupn
Tu cut is the missingET cut and that the above

cuts do not include a cut on cosu* @14#. Our results indicate
that imposing the cosu* cut actually worsens our ability to
separate the two processes based on the shape of their cxW
distributions, and therefore we did not include it in the sim
lations based on maximization of Eq.~5!. On the other hand
it is well known that this cut can improve theS/AB ratio by
about 10%@14#. Because of that, we take it into account f
simulations based on the significance criterion.

We first discuss our results obtained with the shape cr
rion. In this case we found that the optimal basis can be w
approximated by a polynomial of the form

cosj5(
i 51

k

ai~cosu* !2i 21. ~9!

FIG. 5. Distribution of the number of events per bin in th
polynomial approximation of the optimal basis. The total numbe

events forWH is 75, and forWbb̄ is 260.

FIG. 6. Distribution of the number of events per bin in th
transverse basis. The total number of events forWH is 75, and for

Wbb̄ is 260.
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In particular, in Fig. 3 we compare the exact result obtain
by the maximization procedure to a polynomial withk53
and coefficients

a150.2354,

a250.1808,

a3521.442. ~10!

There we also show the transverse basis with a spe
choice ofbW50.67, which is close to the averages of thebW

distributions for bothWH and Wbb̄ processes~0.68 and
0.66, respectively!. The actual normalized cosxW distribu-
tions corresponding to the polynomial approximation of t
optimal basis and for the transverse basis are given in Fig
As expected, in the optimal basis theWbb̄ distribution is
nearly symmetric. Figures 5 and 6 illustrate what one mi
expect in terms of the number of events per bin in those
bases. These results were obtained by multiplying ourW1

cross sections by 4 to take into account contributions fr
theW2 production and the contribution from theW6 decays
into muons, by taking into account the NLOK factor of 1.1
for both WH andWbb̄ processes, and also by assuming t

TABLE I. Expected number of events at 10 fb21 for the signal

(WH) and the background (Wbb̄) as a function of the cosu* cut.
Results shown are obtained for a 120 GeV Higgs boson.

cosumax* S B S/AB

1.0 75 260 4.65
0.9 70 198 4.97
0.8 65 161 5.12
0.7 58 131 5.07
0.6 51 107 4.93
0.5 44 87 4.71

f
FIG. 7. Mbb̄ distribution of the cross section. No smearing of t

b-quark jet energies has been performed here.
3-4
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DISTINGUISHING WH AND Wbb̄ PRODUCTION AT THE . . . PHYSICAL REVIEW D 60 093003
doubleb-tagging efficiency ofeb
250.45 and integrated lumi

nosity of 10 fb21. We would like to point out here that th
shape of theWbb̄ cosxW distribution is significantly differ-
ent in the two bases being discussed. On the other hand
is not the case for theWH process. Clearly, the difference i
the shape of the cosxW distributions under the change of sp
basis may provide an additional handle for separating
two processes.

Another interesting possibility of using angular corre
tions for distinguishing between the signal and the ba
ground is illustrated in Figs. 7–9. Instead of looking
ds/d cosxW directly, we investigate theMbb̄ distributions of
the quantitys cosxW. Those distributions vanish in the sp
basis in whichds/d cosxW is perfectly symmetric, becaus
in evaluatingd(s cosxW)/dMbb̄, one effectively integrates
over cosxW. This is precisely the reason why our optim

FIG. 8. Mbb̄ distribution ofs cosxW in the polynomial approxi-
mation of the optimal basis.

FIG. 9. Mbb̄ distribution ofs cosxW in the transverse basis.
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basis reduces the background ins cosxW much more effi-
ciently than the transverse basis, as can be seen by com
ing Figs. 8 and 9. However, at this point one should a
observe that the main disadvantage of analyzing quant
such ass cosxW is the inclusion of the statistical errors o
the entire cosxW distribution, which may limit its potential
usefulness in an experimental analysis with small statisti

In our simulations based on maximizing the significan
the number of events for both signal and background w
obtained by summing all decay channels and under the s
assumptions as before (K factors of 1.1, eb

250.45, and
*L dt510 fb21). As mentioned earlier, besides the cu
given in Eq. ~8!, here we also take into account a cut o
cosu* @14#,

FIG. 10. The optimal basis for the significance criterion w
cosumax50.8 ~points!, together with its approximation given by Eq
~12! ~solid line!.

FIG. 11. Normalized cosxW distributions for the basis optimized
according to the significance criterion with cosumax50.8 ~solid
lines! and corresponding results for the transverse basis~dashed
lines!.
3-5
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STEPHEN PARKE AND SINISˇA VESELI PHYSICAL REVIEW D 60 093003
ucosu* u<cosumax* , ~11!

which can increase the ratioS/AB by about 10%~see Table
I!. Using the method described in Sec. II, and for any giv
value of cosumax* , we were able to find a spin basis~and a set
of cuts on cosx) in which one could further improve thi
ratio by an additional 2–3 %.

Our results with cosumax50.8 are shown in Figs. 10–13
Figure 10 shows the optimal basis definition. In this case
found that it can be approximated by

FIG. 12. Distribution of the number of events per bin in t
optimal basis (cosumax50.8). Without cuts on cosxW we have 65

events forWH and 161 events forWbb̄ (S/AB55.12). With cuts
20.6,cosxW,1.0 these numbers are reduced to 60 and 131,
spectively (S/AB55.24).

FIG. 13. Distribution of the number of events per bin in t
transverse basis (cosumax50.8). Without cuts on cosxW we have 65

events forWH and 161 events forWbb̄ (S/AB55.12). With cuts
20.1,cosxW,1.0 these numbers are reduced to 54 and 110,
spectively (S/AB55.15).
09300
n
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cosj520.857 sgn~cosu* !10.391 cosu* . ~12!

Normalized cosxW distributions corresponding to the opt
mal basis are compared in Fig. 11 to the results obtai
using the transverse basis. Figures 12 and 13 illustrate w
can be expected in terms of the number of events per bi
those two bases.

Because of the fact that the longitudinal momentum of
neutrino is unknown, reconstruction of an event involving
W boson is the most important problem related to the cal
lation of the spin angular correlations which we discussed
this paper. By assuming thatW is on shell, and usingpe and
pn

T which are actually measured, this component can be
constructed up to a twofold ambiguity for the solution of
quadratic equation. The algorithm for choosing the corr

e-

e-

FIG. 14. Normalizedhn distribution of the cross section
(W1 production!.

FIG. 15. NormalizedhW2hbb̄ distribution of the cross section
(W1 production!.
3-6
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solution which has been used in the literature@14# is based
on the asymmetry of the neutrino rapidity distribution. Fro
Fig. 14 it can be readily seen that by choosing the lar
~smaller! solution for pn

z in the case ofW1 (W2), one can
improve the probability of finding the correctW momentum.
Nevertheless, we propose here that for theWH and Wbb̄
processes the reconstruction algorithm is based on the d
bution of the difference between theW rapidity and the ra-
pidity of the bb̄ system~see Fig. 15!. Since this distribution
is peaked at zero, our prescription consists of choosing

FIG. 16. NormalizedWH cosxW distribution for the basis op-
timized according to the shape criterion. The true result is show
the solid lines, while results obtained using thehW2hbb̄ andhn W
reconstruction algorithms are plotted as the dashed lines and
dashed lines, respectively.

FIG. 17. NormalizedWbb̄ cosxW distribution for the basis op-
timized according to the shape criterion. The true result is show
the solid lines, while results obtained using thehW2hbb̄ andhn W
reconstruction algorithms are plotted as dashed lines and s
dashed lines, respectively.
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solution forpn
z which results in a smaller absolute value f

hW2hbb̄ . The advantage of usinghW2hbb̄ instead ofhn is
that its distribution is narrower. Furthermore, unlike thehn

distribution, it is almost identical forWH and Wbb̄, which
means that our algorithm will work equally well for bot
processes.

In order to investigate the effect that theW reconstruction
algorithm has on cosxW distributions, we have repeated th
calculations shown in Fig. 4~without cuts on cosu* ) for the
polynomial approximation of the optimal basis@Eqs. ~9!
and~10!# and for the transverse basis. Results given in F

as

ort

as

ort

FIG. 18. NormalizedWH cosxW distribution for the transverse
basis. The true result is shown as the solid lines, while results
tained using thehW2hbb̄ andhn W reconstruction algorithms are
plotted as dashed lines and short dashed lines, respectively.

FIG. 19. NormalizedWbb̄ cosxW distribution for the trans-
verse basis. The true result is shown as the solid lines, while re
obtained using thehW2hbb̄ and hn W reconstruction algorithms
are plotted as the dashed lines and short dashed lines, respect
3-7
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16–19 show that the cosxW distributions obtained using ou
prescription for reconstructing theW momentum are much
closer to the exact curves than are the ones obtained u
thehn algorithm. Note that one of the reasons for the dist
tion of the reconstructed cosxW distributions is the fact tha
in our calculations theW width is taken into account, while
the reconstruction algorithms assume an on-shellW.

Besides the issues related to the reconstruction of thW
momentum, another problem which might affect experim
tal analysis of the cosxW distributions is the mismeasureme
of the b-quark momenta. We have simulated that by imp
ing a Gaussian distribution of relative errors~with the vari-
ance of 5%! on bothb and b̄ momenta, and our results ind
cate that these effects are small.

IV. CONCLUSIONS

In this paper we investigated the possibility of using t
spin angular correlations for distinguishing between theWH

andWbb̄ processes at the Fermilab Tevatron. We develo
a general numerical method for finding the spin basis o
mized according to a given criterion, and also suggested
eral possible strategies for utilizing this technique in t
.
4;

o.
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Higgs boson search at the Tevatron.
Our simulations indicate that spin angular correlatio

may provide an additional handle on separating the sig
from the background. Still, there are several problems t
would have to be solved for a successful experimental an
sis, and the largest one is certainly the event reconstruc
In this regard we proposed a newW reconstruction algorithm
which significantly reduces effects related to theW momen-
tum ambiguities. We hope that this algorithm can be furth
improved upon.

The obvious extension of this work would involve includ
ing NLO corrections, as well including the other backgrou
processes. However, these calculations would be numeric
quite challenging, and before they are attempted a feasib
study of their usefulness should be completed.
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